Abstract Sulfolobus species belong to the best-studied archaeal organisms but have lacked powerful genetic methods. Recently, there has been considerable progress in the Weld of Sulfolobus genetics. Urgently needed basic genetic tools, such as targeted gene knockout techniques and shuttle vectors are being developed at an increasing pace. For S. solfataricus knockout systems as well as diVerent shuttle vectors are available. For the genetically more stable S. acidocaldarius shuttle vectors have been recently developed. In this review we summarize the currently available genetic tools and methods for the genus Sulfolobus. DiVerent transformation protocols are discussed, as well as all so far developed knockout systems and Sulfolobus-Escherichia coli shuttle vectors are summarized. Special emphasis is put on the important vector components, i.e., selectable markers and Sulfolobus replicons. Additionally, the information gathered on diVerent Sulfolobus strains with respect to their use as recipient strains is reviewed. The advantages and disadvantages of the diVerent systems are discussed and aims for further improvement of genetic systems are identiWed.
Introduction
The members of the genus Sulfolobus (Brock et al. 1972) belong to the crenarchaeal branch of the archaeal domain. The habitats of these globally distributed thermoacidophilic microorganisms are geothermally active areas where they are found in the aerobic zones of acidic pools and hot springs that are often rich in sulfur compounds. Although for some isolates chemolithoautotrophic growth has been described, the frequently used laboratory strains S. solfataricus and S. acidocaldarius seem to have lost this ability (Huber and Prangishvili 2006) . These strains grow heterotrophically to high cell densities on organic substrates like tryptone and a variety of sugars with doubling times in the range of 3-6 h during exponential growth and are relatively easy to cultivate in the laboratory. DiVerent Sulfolobus strains have served as model organism for the study of metabolic pathways, transcription, translation and replication (Snijders et al. 2006; Bell et al. 1998; Condo et al. 1999; Duggin and Bell 2006) . The structural rigidity of its thermostable proteins has advantages for protein crystallization and also simpliWes the puriWcation of recombinant proteins expressed in mesophilic expression hosts by using a heat step.
Complete genome sequences are available for S. solfataricus P2 (She et al. 2001) , S. acidocaldarius (Chen et al. 2005) and S. tokodaii (Suzuki et al. 2002) and experiments characterizing the transcriptome (Andersson et al. 2006; Lundgren and Bernander 2007) and proteome (Chong and Wright 2005; Snijders et al. 2006; Barry et al. 2006 ) have been carried out. Consequently, Sulfolobus has developed into an important model organism. Unfortunately, in vivo experiments were for a long time hampered by the lack of appropriate genetic systems for Sulfolobus. Whereas for euryarchaea many genetic tools have been described and especially in halophilic archaea interesting and rewarding genetic studies have been undertaken (Sartorius-Neef and Pfeifer 2004; Norais et al. 2007 , for a review see Allers and Mevarech 2005) , for Sulfolobus the Weld of genetics has remained unexplored for a rather long period. Several genetic systems have been published in the past 10 years, but often turned out to be not transferable to other laboratories or to require extensive expert knowledge. Only very recently the Wrst genetic tools started to emerge that can be used reproducibly in diVerent laboratories.
The construction of a Sulfolobus vectors requires to takes several components into consideration. First of all a reliable transformation method is a prerequisite for establishing a vector system. If only low transformation eYciencies are achievable, an eYcient selection is crucial for vector maintenance.
Furthermore it is important to consider the suitability of diVerent recipient strains. The presence of a restriction/ modiWcation system in a potential recipient strain can eYciently digest the DNA transformed into the organism and therefore prevent successful transformation. Genetic stability is also a problem for some Sulfolobus strains and should be taken into account. For selection techniques that rely on metabolically deWcient strains, suitable mutants with low background growth and low spontaneous reversion frequencies are required.
In the Wrst part of the review we recapitulate the methodological basic for the genetic tools in Sulfolobus, i.e., transformation, selection markers, Sulfolobus replicons and recipient strains whereas in the second part we present the available genetic tools.
Transformation procedure
A reliable transformation protocol is a prerequisite for the development of genetic systems. Sulfolobus can be transformed by electroporation (Schleper et al. 1992) . The established protocol is widely used for transformation of Sulfolobus cells with minor changes in diVerent labs. The original protocol uses a Genepulser instrument (BioRad) with 1 mm cuvettes at 1.5 kV, 400 and 25 F, followed by incubation of the transformed cells directly after the electroporation in growth medium at 75°C. This protocol was developed for S. solfataricus P1, but it has been applied to other Sulfolobus species and strains Arnold et al. 1999) . Aucelli et al. (2006) describe a protocol for S. solfataricus G and S. solfataricus P2 with the same electroporation parameters using a Genepulser Xcell apparatus applying two successive pulses. The same parameters as in the original protocol except for a 2 mm cuvette also yield highly reproducible transformation results with S. solfataricus PH1-16 and S. solfataricus PBL2025 . A time constant protocol using a Genepulser Xcell with 2 mm cuvettes and a Wxed time constant of 10.2 ms was also successfully applied for S. solfataricus PBL2025 (Berkner et al. 2007 ). The most detailed study of diVerent electroporation conditions has been carried out by Kurosawa and Grogan (2005) for S. acidocaldarius. They found that the transformation was successful over a range of diVerent parameters, the most suitable being electroporation in a 1 mm cuvette at 1,250 V, 1,000 and 25 F. The authors were also the Wrst to test diVerent regeneration methods, namely the regeneration in normal growth medium as used in the other protocols, regeneration in prewarmed water or regeneration in an alanine/malate buVer solution. Best results were obtained with either of the last two regeneration methods. Incubation in demineralized water for 10 min at 75°C is also suitable for regeneration of S. solfataricus .
Transformation eYciencies
Transformation eYciencies for Sulfolobus solfataricus were Wrst determined with the wild type Sulfolobus spindle shaped virus 1 (SSV1) in a plaque assay and ranged from 4.2 £ 10 2 to 1.1 £ 10 6 transformants per microgram of DNA (Schleper et al. 1992) . For the pEXSs vector no exact values are given but it is stated that the transformation eYciencies were in the same range (Cannio et al. 1998) . With the pRN1 based vectors pA to pN the transformation eYciencies could be directly determined after electroporation (plating after only 30 min of regeneration on selective medium) in S. acidocaldarius and ranged from 1 £ 10 2 to 6 £ 10 4 transformants per microgram of DNA (Berkner et al. 2007) . These values are lower than the values reported for wild type SSV1 but are in accordance to transformation eYciencies determined using constructs for homologous recombination in S. acidocaldarius (Kurosawa and Grogan 2005) . From the available data it becomes clear that the transformation eYciencies using the established electrotransformation protocols for Sulfolobus are rather low.
Selectable markers
In case the transformation eYciency is low, only a very eYcient selection procedure is able to build up the high selective pressure needed to extract the low number of transformed cells from the large background of untransformed cells. This ratio can reach 10 2 transformed cells against 10 8 to 10 10 untransformed cells. Vice versa, if the transformation eYciency and transformation frequency are high or high eYciencies are mimicked by a self-spreading system, there is no need for an eYcient selection method. Therefore, Sulfolobus-Escherichia coli shuttle vectors can follow two strategies. The Wrst strategy is to establish a highly reliable and eYcient system for selection, the second way is to circumvent the low transformation eYciencies and frequencies by using self-spreading constructs that are based on infectious viral vector backbones or on spreadable genetic elements (e.g., plasmid-virus hybrids with helper virus or conjugative plasmids). For targeted gene knockouts and for plasmid based Sulfolobus-E. coli shuttle vector only the Wrst strategy can be followed. For this reason the development of selectable markers is the crucial prerequisite for the development of a targeted gene knockout method and for plasmid based Sulfolobus-E. coli shuttle vector systems. In contrast, self-spreading systems are able to operate in the absence of selection.
To achieve a high selective pressure two approaches are possible: Wrst, the use of antibiotics in combination with a resistance conferring enzyme, and second, the use of metabolically deWcient mutant recipient strains with inactivated genes and complementation of these mutations by using the intact gene variant as selectable marker gene.
Antibiotic selection
Antibiotic selection is extensively used in bacteria and a wide variety of resistance conferring enzymes is available for the common mesophilic hosts. However, a reproducible positive selection based on antibiotics is so far not available for Sulfolobus vectors. Reasons for the lack of such a system are stability problems of antibiotics under the growth conditions of Sulfolobus, i.e., pH 3 and 80°C and the need for a thermostable resistance conferring enzyme. Although quite a lot of antibiotics have been tested for their eVectiveness against Sulfolobus in in vivo and in vitro tests (Cammarano et al. 1985; Grogan 1989 Grogan , 1991a Sanz et al. 1994; Aagaard et al. 1994; Ruggero and Londei 1996; Cannio et al. 1998; Hjort and Bernander 2001; Bini et al. 2002; Reilly and Grogan 2002) for only two Sulfolobus-E. coli shuttle vectors the use of antibiotic selection has been described so far, namely the vectors pAG21 (Aravalli and Garrett 1997) and pEXSs (Cannio et al. 1998 ; see Table 1 ). In pAG21 the gene coding for an alcohol dehydrogenase from S. solfataricus under control of its native promoter was expressed to confer resistance to butanol and benzyl alcohol in transformed cells (Aravalli and Garrett 1997) . In the vector pEXSs the gene coding for hygromycin phosphotransferase from E. coli was thermostabilized by errorprone PCR (Cannio et al. 2001 ). The thermostabilized protein conferred resistance to hygromycin B up to concentrations of 150 g/ml (Cannio et al. 1998) , whereas the MIC of the untransformed wild type was determined to be 100 g/ml (Cannio et al. 1998) . The authors also found this antibiotic to be highly stable under Sulfolobus growth conditions (Cannio et al. 1998) . These Wndings, however, have proven to be diYcult to reproduce (Jonuscheit et al. 2003) . The same group that used the hygromycin selection technique meanwhile developed a new vector system (Aucelli et al. 2006 ) that works without selection and does not apply the hygromycin selection any more.
Both of the so far published antibiotic selection methods seem to have problems concerning reproducibility. The conditions that have worked in one laboratory are not transferable to another laboratory. This might be due to diVerent cultivating protocols, diVerent medium compositions, diVerent batches of antibiotics used or diVerent handling, and illustrate one crucial problem that hampered the development of reliable genetic tools for Sulfolobus: the development of robust vectors allowing the reproducible and repeatable use in experiments under slightly diVerent conditions.
Uracil selection
Because of the problems related to antibiotic selection in Sulfolobus other methods of selection were examined. Uracil auxotrophic Sulfolobus strains can be readily isolated using the toxic substrate analogon 5Ј-Xuoroorotic acid (FOA) (Kondo et al. 1991; Grogan 1991a ). These mutant strains show mutations in their pyrE or pyrF gene sequences, coding for orotatphosphoribosyl transferase and orotidine-5Ј-monophosphate decarboxylase, respectively. These two enzymes catalyze the last two steps of the uridine monophosphate de novo synthesis pathway in Sulfolobus (Grogan and Gunsalus 1993) . Mutant strains are only able to grow when uracil is supplied at 10-20 g/ml to their growth medium. As selective medium an uracil free medium is used and the intact pyrEF genes are supplied as selectable marker genes.
This type of selection was Wrst used to demonstrate conjugational marker exchange between diVerent strains of S. acidocaldarius (Grogan 1996; Reilly and Grogan 2001; Hansen et al. 2005) and to study homologous recombination in S. acidocaldarius (Kurosawa and Grogan 2005) . The Wrst shuttle vector that contained the pyrEF genes from S. solfataricus P2 under control of their own promoter as selectable marker was pMJ03 (Jonuscheit et al. 2003) . In combination with the pyrEF transposon mutant S. solfataricus PH1-16 (Martusewitsch et al. 2000) this vector was found to be suitable for uracil selection (Jonuscheit et al. 2003) . The pRN1 based shuttle vectors pA-pN (Berkner et al. 2007 ) also contain the pyrEF genes as selectable marker but in contrast to pMJ03, were not successful in transposon mutants (like S. solfataricus PH1-16) or point mutants as recipient strains. Instead only deletion mutants like S. acidocaldarius MR31 (Reilly and Grogan 2001) proved to be suitable to build up the high selective pressure needed for stable vector maintenance (Berkner et al. 2007 
S. acidocaldarius
Aravalli and 
P2 g
Only Sulfolobus species mentioned, for details see Table 2 Table These Wndings may seem contradictory at Wrst glance but are in fact not contradictory at all. The viral vector pMJ03 does not need selection to spread and replicate in Sulfolobus as shown by the construct pKMSD48 ), a shuttle vector without a selectable marker. The plasmid based shuttle vectors pA-pN on the contrary have to rely solely on selection since they do not spread. For that reason these vectors pose stronger requirements on the stringency of the selection applied. A fact that further complicates uracil selection is the contamination of essential medium components by traces of uracil. Problems were observed especially for S. solfataricus and S. islandicus (Jonuscheit et al. 2003; Berkner and Lipps 2008) . Background growth due to uracil contamination of Gelrite and tryptone were observed regularly. However these problems can be circumvented by using other medium components such as NZAmine or single or mixed amino acids instead of tryptone (Berkner and Lipps 2008) . It should be noted that the replacement of tryptone is not equally well tolerated by diVerent Sulfolobus strains.
Lactose selection
The second selection technique relying on the use of metabolically deWcient mutants is lactose selection or enrichment. Mutants with an inactivated copy or a deletion of the lacS gene coding for a -glycosidase (Cubellis et al. 1990; Grogan 1991b ) are unable to grow on a medium containing only lactose as sole carbon and energy source (lactose medium). This form of selection has successfully been applied in S. solfataricus for the development of a knockout system and as selection for shuttle vectors (Worthington et al. 2003; Schelert et al. 2004; Berkner et al. 2007 ). The host range for this selection technique is limited to S. solfataricus and S. islandicus, because these two species are able to grow on lactose medium (Worthington et al. 2003; Berkner and Lipps 2008) , whereas S. acidocaldarius is not (Grogan 1989; S. Berkner and G. Lipps, unpublished observation) . However, also the metabolically more Xexible S. islandicus and S. solfataricus Wrst need to adapt to lactose medium and show slower growth rates than in medium supplemented with tryptone. For this reason plating is not feasible directly after electroporation when lactose selection is applied but selection has to be done in liquid medium Berkner et al. 2007 ).
Recipient strains

Genetic stability
The so far most widely used S. solfataricus P1 and S. solfataricus P2 show only limited genetic stability. For genetic experiments it is problematic that large parts of the genome can be deleted or inverted within a few generations (Redder and Garrett 2006) . Mobile genetic elements, that are present at very high numbers in S. solfataricus P1 and S. solfataricus P2 (She et al. 2001; Brügger et al. 2002; Brügger et al. 2004) can inXuence the outcome of genetic experiments, when they are mobilized during the experiment Martusewitsch et al. 2000; Redder and Garrett 2006 ) and integrate at a diVerent site within the genome.
A measure for the comparison of diVerent Sulfolobus strains is the spontaneous mutation frequency. By selection for uracil auxotrophic pyrEF deWcient mutants with the substrate analogon 5Ј-FOA it is possible to assess the spontaneous mutation rate of the pyrEF genes . When comparing so far published mutation frequencies and rates it becomes obvious that there are large diVerences between diVerent Sulfolobus strains. Apparent mutation frequencies vary by more than Wve orders of magnitude (Berkner and Lipps 2008) with highest frequencies found in S. solfataricus P1 (up to a fraction of 10
¡4
, Martusewitsch et al. 2000) and derived strains and lowest frequencies are found in S. acidocaldarius and some S. islandicus strains (fraction of 10 ¡6 to 10
¡8
, Berkner and Lipps 2008) . S. acidocaldarius is so far the only strain that does not contain active insertion sequences Chen et al. 2005) , whereas in S. solfataricus isolates Martusewitsch et al. 2000; Redder and Garrett 2006) and in S. islandicus isolates (Blount and Grogan 2005; Berkner and Lipps 2007b) active insertion sequences could be detected. Considering the genetic stability S. acidocaldarius is a preferred recipient strain for genetic studies, but also some S. islandicus strains show low spontaneous mutation rates.
Restriction/modiWcation activity
The presence of restriction/modiWcation activity can interfere with the successful establishment of a shuttle construct in the recipient strain. As the transformation eYciencies in Sulfolobus are rather low (see paragraph on transformation eYciencies) it is highly unlikely that unprotected plasmid DNA will overcome a restriction barrier. For that reason it is necessary to examine potential recipient strains for restriction activity. For S. solfataricus P1 and S. solfataricus 98/2 and derived strains transformation of unmodiWed DNA prepared from standard E. coli strains has been shown to be possible Albers and Driessen 2007) . S. acidocaldarius contains the restriction enzyme SuaI (Prangishvili et al. 1985; Grogan 2003) . From the three examined S. islandicus strains REN1H1, REN2H1 and HVE10/4 only S. islandicus REN2H1 was found to contain the restriction enzyme SuiI (Söllner et al. 2006) .
Sulfolobus strains that contain a restriction endonuclease might nevertheless be used as recipient strains if a methylase is available that protects DNA to be transformed into the strains. The restriction endonuclease from S. acidocaldarius SuaI is blocked by N4-methylation of the inner cytosine residues within its recognition sequence GGCC (Grogan 2003) . The formerly used methylase M.HaeIII methylates the C5 position instead of the N4 position and therefore only partially protects DNA from restriction. By using the N4 speciWc methylase M.EsaBC4I (Grogan 2003; Kurosawa and Grogan 2005) complete protection of DNA from digestion by SuaI can be achieved. The restriction endonuclease SuiI has the recognition sequence GCWGC (Söllner et al. 2006 ). This sequence can be methylated with the methylase M.TseI. Unfortunately the methylated DNA is not completely protected from restriction by SuiI. So far no N4 speciWc methylase with the recognition sequence GCWGC is available.
To conclude, most Sulfolobus strains seem to be free of restriction activity or can be used as recipient strains after appropriate methylation of DNA intended for transformation. Only S. islandicus REN2H1 contains a restriction activity that can so far not be circumvented by methylation and thus is not a suitable recipient strain for genetic systems.
Host range of Sulfolobus replicons
When constructing a shuttle vector it is advantageous to use a Sulfolobus replicon that has been shown to replicate in the desired recipient strain. The respective genetic element that is used as backbone for vector construction can certainly replicate in the original host strain, but not always are cured variants of the host strain available. For a range of wellstudied genetic elements from Sulfolobus that have been used for shuttle vector construction, information concerning the host range is available. The virus SSV1 used as backbone for diVerent shuttle vectors has been shown to propagate in S. solfataricus P1 and derived strains, in S. solfataricus P2 (Schleper et al. 1992 ) and in S. islandicus (Arnold et al. 1999) but not in S. acidocaldarius (Schleper et al. 1992 ). This has been attributed to the lower degree of relatedness of S. acidocaldarius to the native host strain of SSV1, S. shibatae, as compared to S. solfataricus (Schleper et al. 1992) . Another possibility for the failure of SSV1 to replicate in S. acidocaldarius could be due to the restriction activity in S. acidocaldarius. The SuaI recognition sequence GGCC is found 16 times in the SSV1 genome.
For the plasmid-virus hybrid pSSVx and its helper virus SSV2 originally isolated from S. islandicus REY15/4 the host range comprises S. solfataricus P1, S. solfataricus P2 and S. solfataricus G and derived strains (Arnold et al. 1999; Aucelli et al. 2006 ).
The plasmid pRN1 that was also used for shuttle vector construction was electroporated into S. solfataricus P1, S. solfataricus P2 and S. acidocaldarius. While successful replication has been described for the S. solfataricus strains, no replication was observed for S. acidocaldarius Schleper 1993 ). This fact cannot be explained by the restriction activity of SuaI, as pRN1 does not contain any GGCC recognition sequences. Later it turned out that pRN1 is able to replicate in S. acidocaldarius (Berkner et al. 2007 ). With a member of the pRN plasmid family being found outside of the genus Sulfolobus (pDL10 from Acidianus ambivalens, Kletzin et al. 1999 ) it is well possible that the replicon of the pRN family has a broad host range.
From the available information it becomes clear that viral-based vectors have a more restricted host range, as the interactions during infection and possibly chromosomal integration between virus/vector and host seem to pose more stringent requirements on certain features of the host cells. By contrast plasmid-based vectors do only depend on vector/host interactions for the replication of the plasmid and thus might be more suitable to achieve a broad host range.
Knockout systems
An important tool for genetic experiments is a method to inactivate genes directly in the chromosome of an organism. One way to achieve this is to delete the gene(s) of interest completely or partially from the genome. Although in principle it is possible to isolate desired mutants by random mutagenesis and an appropriate screening procedure, this method is extremely time consuming and only applicable to mutations that produce an appropriately easy to detect phenotype. Therefore methods for targeted gene disruption/gene deletion are very important. For a knockout system an eYcient transformation method and a reliable selection scheme are required. The vector does not replicate in Sulfolobus but contains regions homologous to the chromosome in order to recombine site-speciWcally with the genome.
For Sulfolobus a gene disruption system has been developed by P. Blum and coworkers. Their system uses lactose selection and a lacS insertion sequence mutant (lacS::ISC1217) as recipient strain (S. solfataricus PBL2002 derived from S. solfataricus PBL2000 also named S. solfataricus 98/2, Worthington et al. 2003) . Later this host strain been replaced with a spontaneous lacS deletion mutant S. solfataricus PBL2025 as recipient strain (58 kb deletion of open reading frames SSO3004-SSO3050, Schelert et al. 2004) . To obtain knockout constructs, the lacS gene from S. solfataricus P2 under control of its native promoter is cloned between two Xanking regions (length approximately 700-800 bp, Albers and Driessen 2007) , that are homologous to chromosomal DNA sequences situated adjacent to the gene or genomic region to be deleted. By a homologous recombination event the lacS gene is integrated into the host chromosome replacing the gene or region to be deleted and restoring the lac + phenotype. Successful mutants are selected for in a medium containing lactose as sole carbon and energy source. After electroporation and regeneration, selection is Wrst carried out in liquid medium (0.4% lactose) before plating on non-selective tryptone/lactose plates. By X-Gal screening (see paragraph on reporter genes) blue colonies that bear the chromosomally integrated lacS gene can be identiWed. Colonies have to be puriWed by two to three further rounds of selection, until a PCR reaction with primers binding within the Xanking regions yields only one band . Since circular DNA is used for transformation it is currently unclear whether one double or two subsequent single crossover events are involved in the generation of knockout mutants in S. solfataricus.
For S. acidocaldarius no targeted gene knockout has yet been published. However, detailed studies have been undertaken to characterize homologous recombination in combination with conjugational DNA exchange in this organism (Grogan 1996; Reilly and Grogan 2001; Hansen et al. 2005) . S. acidocaldarius is capable of eYcient homologous recombination using closed circular plasmids, linearized plasmids, PCR products and even short single stranded oligodeoxynucleotides. The test sequences for homologous recombination have been point or deletion mutations in the pyrE gene of diVerent uracil auxotrophic mutants of S. acidocaldarius. By recombination with the intact gene variants or partial sequence parts thereof introduced by electroporation, the uracil auxotrophic point or deletion mutants were complemented to uracil prototrophy by eYcient recombination between the inactivated genomic copy of the pyrE gene and the exogenously supplied intact sequence. Homologous sequence overlaps down to 10 bp were suYcient for detectable recombination. However the number of pyr + cells obtained increased linearly with the length of the homologous regions up to the longest tested overlap of approximately 250 bp (Kurosawa and Grogan 2005) .
For the two other sequenced Sulfolobus strains, i.e., S. solfataricus P2 and S. tokodaii, there is to our knowledge no report on successful targeted gene knockouts.
Application of knockout systems
Currently successful gene knockouts have only been reported for the lacS mutants of S. solfataricus 98/2. Deletion mutants of the -amylase, the mercuric reductase, a repressor and the editing domain of the threonyl-tRNA synthetase as well as deletions of the genes required for bindosome assembly and Xagella synthesis were used to study diverse biological question ranging from sugar metabolism, mercury resistance and tRNA editing (Worthington et al. 2003; Schelert et al. 2004; Korencic et al. 2004; Szabo et al. 2007; Zolghadr et al. 2007 ) and demonstrate the wide applicability of the knockout approach.
Shuttle vectors
Besides a knockout system, a method for introducing homologous or heterologous genes into an organism is a prerequisite for genetic complementation experiments. Furthermore, shuttle vectors are important tools to (over-) express proteins of interest in the native host, be it for reasons of post-translational modiWcations or the determination of the localization of the protein in the native host or because the respective protein is diYcult to express in functional form in mesophilic expression systems. Therefore shuttle vectors are not only crucial for basic research applications but have also potential for exploitation in biotechnological applications, e.g., for the production of heat stable proteins.
For Sulfolobus the development of shuttle vector systems has lagged behind the developments in other archaea, like for example halophiles or methanogens (see Allers and Mevarech 2005 for a review). The delay was not due to a lack of interest in these vectors but rather a reXection of the diYculties in establishing such as system. Several groups have been working to construct Sulfolobus-E. coli shuttle vectors during the last decade.
The vector itself consists of at least three parts: (1) a replicon for Sulfolobus, (2) a selectable marker for Sulfolobus and (3) an E. coli vector part with an origin of replication and a selectable marker for E. coli.
The current approaches are mainly based on extrachromosomal elements, which have been isolated from diVerent Sulfolobus strains during sampling trips in the 1990s by Wolfram Zillig and coworkers . These elements can be grouped into three categories: viruses, conjugative plasmids and cryptic plasmids (for reviews see Prangishvili et al. 2001; Garrett et al. 2004; Prangishvili and Garrett 2005; Lipps 2006 Lipps , 2007 . For many of these elements sequence information has been published. However further information from molecular biology or biochemical characterization of the elements exists only sparsely (Lipps 2007) . So far no information is available on minimal replicons or origins of replication of crenarchaeal plasmids. Because of this lack of information the shuttle vectors developed so far were almost exclusively based on the complete genome of extrachromosomal elements, the only exception being pEXSs (see below and Table 1 ) that is based only on a part of the virus SSV1 (Cannio et al. 1998) . So far the virus SSV1 as well as the plasmid-virus hybrid pSSVx together with the helper virus SSV2 and the cryptic plasmid pRN1 have been used to construct Sulfolobus-E. coli shuttle vectors.
The virus SSV1 was the Wrst known extrachromosomal element from a Sulfolobus strain and has been isolated from S. shibatae (Yeats et al. 1982; Grogan et al. 1990 ). Many biochemical and molecular biological experiments on transcription, UV-induction, host range, integration into the host chromosome and transformation have been conducted with this virus (Reiter et al. 1988; Schleper et al. 1992; Muskhelishvili et al. 1993; Fröls et al. 2007 for a review see Prangishvili and Garrett 2005) . It spreads eYciently in an infected culture and integrates site speciWcally at a tRNA gene into the host chromosome mediated by a viral integrase, which is partitioned upon integration (Muskhelishvili et al. 1993) .
The two other genetic elements from Sulfolobus used as vector backbones so far, the plasmid virus-hybrid pSSVx (Arnold et al. 1999 ) and the plasmid pRN1 (Keeling et al. 1996) , both belong to the pRN family of cryptic crenarchaeal plasmids (Peng et al. 2000) comprising additionally pRN2, pHEN7 and pDL10 (Keeling et al. 1998; Kletzin et al. 1999) . The plasmid pRN1 is the best-studied archaeal plasmid. It has been isolated from S. islandicus REN1H1 ) and is natively found together with pRN2 in its host strain but is able to replicate independently (Purschke and Schäfer 2001) . The transcription, the copy number and the regulation of its replication operon have been examined (Berkner and Lipps 2007a ) and the three conserved proteins Orf56, Orf904 and Orf80 have been studied biochemically (Lipps et al. 2001a (Lipps et al. , b, 2003 Beck and Lipps 2007) and the structure of the primase domain of the multifunctional replication protein Orf904 has been solved (Lipps et al. 2004) .
Given the lack of an understanding of the Sulfolobus replicons it was crucial for the development of the Sulfolobus shuttle vectors to interrupt the replicon at diVerent positions. Therefore in order to minimize the risk of choosing a interruption site within a region that is important for replication or stability of the shuttle vector constructs, random interruption at diVerent sites was used for the SSV1 based shuttle vectors as well as the pRN1-based shuttle vectors (Berkner et al. 2007 ). The diVerent interruption constructs for the SSV1 constructs were obtained by ethidium bromide mediated partial restriction of SSV1 DNA with Sau3AI and subsequent selection for shuttle vectors that retained the ability to replicate and to infect host cells in S. solfataricus P1. For the pRN1 based vectors a Tn5 derived transposon (Agron et al. 2002) was used to generate diVerent interruption sites within the pRN1 plasmid.
Chronological overview of published Sulfolobus-E. coli shuttle vectors
The Wrst Sulfolobus-E. coli shuttle vector was described in 1995 by Aagaard et al. A mobile rDNA intron from Desulfurococcus mobilis (Aagaard et al. 1995) was combined with the E. coli vector pUC18 and named pDM1. Another vector from this group, pCSV1, was based on the plasmid pGT5 from Pyrococcus abyssi. To reduce the instability observed for this construct, the rom/rop gene was added to the vector to lower the copy number in E. coli (Aravalli and Garrett 1997) . Additionally an alcohol dehydrogenase was cloned into this vector as a selectable marker.
Another Sulfolobus-E. coli shuttle vector was described in 1998 (Cannio et al. 1998) . The vector pEXSs is based on a part of the genome of the SSV1 cloned into pGEM5Zf(¡) and contains a heterologous selectable marker gene coding for a thermostabilized version of the hygromycin phosphotransferase (Hph) from E. coli (Cannio et al. 2001 ). This vector was used to express a thermostable alcohol dehydrogenase from Bacillus stearothermophilus (Contursi et al. 2003) , and to complement a lacS deletion mutant (S. solfataricus G W) by expressing the genes lacS and lacTr coding for a -glycosidase and a lactose transporter . Stedman et al. (1999) constructed a series of Sulfolobus-E. coli shuttle vectors based on the complete genome of the virus SSV1. The vector pBluescript was inserted at diVerent sites within the virus genome and constructs were identiWed that were not impaired in replication or infectivity. To one of these constructs the pyrEF genes from S. solfataricus P2 coding for orotatphosphoribosyl transferase and orotidine-5Ј-monophosphate decarboxylase were added as selectable marker. The expression of these marker genes allows for the complementation of uracil auxotroph recipients to uracil prototrophy. Additionally the lacS gene under control of the heat shock tf55 -promoter was cloned into the vector as a phenotypic marker. The resulting shuttle vector pMJ03 (Jonuscheit et al. 2003) replicates to high copy numbers in the primary transformation mixture as an episome. After plating and isolation of single transformants this vector was found to be integrated as a single copy into the chromosomal arginyl-tRNA gene of the recipient S. solfataricus PH1-16 (Martusewitsch et al. 2000) as previously observed for the wild type virus (Schleper et al. 1992) . The pMJ03 vector was improved by Albers et al. (2006) by the development of preassembly constructs and an inducible promoter (see paragraph on promoters).
Another shuttle vector was based on the virus-plasmid hybrid pSSVx and the virus SSV2 (Arnold et al. 1999) . Aucelli et al. (2006) developed a pSSVx-based vector that is spread in a culture by the help of the virus SSV2. The vector pMSSV was constructed from pSSVx and pUC19.
No selectable marker is necessary for stable replication in Sulfolobus. It was nevertheless shown that the addition of the lacS gene coding for a -glycosidase was suYcient to complement the lacS deletion mutant S. solfataricus G W.
Another Sulfolobus-E. coli vector system has been developed based on the plasmid pRN1 (Berkner et al. 2007) . The vectors contain the pyrEF genes for uracil selection in the pyrE deletion mutant S. acidocaldarius MR31 and the lacS gene for selection in S. solfataricus PBL2025. The E. coli vector part is a deletion derivative of pBluescript. Table 1 summarizes the diVerent Sulfolobus-E. coli shuttle vectors published so far.
Application of shuttle vectors
With the shuttle vectors pDM1, pCSV1, as well as the diVerent pAG constructs based on pGT5 no further experiments in Sulfolobus have been published. This is probably due to severe problems with the stability of these constructs (Aravalli and Garrett 1997; Stedman et al. 1999) .
The vector pEXSs was used for protein expression and the cloning of a chromosomal replication origin in the same group Contursi et al. 2003 Contursi et al. , 2004 , but this vector has to our knowledge never been used successfully outside of the developing laboratory. The thermostabilized Hph variant used in the pEXSs vector (Cannio et al. 2001 ) was shown to have only limited thermostability when tested in Thermus thermophilus (Nakamura et al. 2005) .
The Wrst shuttle vector that was successfully used in another than the developing laboratory, was the vector pMJ03 and derived constructs (Jonuscheit et al. 2003; Albers et al. 2006 ). This vector system has been used for promoter studies of the arabinose binding protein promoter (Lubelska et al. 2006) , for the study of the replication operon of pRN1 (Berkner and Lipps 2007a) , for the functional overexpression of the ABCE1 protein from S. solfataricus (Barthelme et al. 2007) , for the study of the genes and proteins involved in bindosome assembly in S. solfataricus ) and for homologous overexpression of IF2 (Hasenöhrl et al. 2008 ). This vector system has the advantage of being self-spreading, thus circumventing the need for a high transformation eYciency, transformation frequency and eYcient selection. A further beneWt is the deWned copy number of one for chromosomally integrated constructs that has advantages when using the construct in reporter gene assays. However, additional episomal vector copies were observed in some reporter gene experiments (Berkner and Lipps 2007a) .
The large size of 22 kb, the lack of unique restriction sites and repetitive sequences contained in the viral part of the vector render cloning with this construct rather diYcult. To circumvent the high instability in standard E. coli cloning strains it is necessary to use specially designed E. coli strains to obtain plasmid preparations without rearranged plasmid products . The use of an intact virus also poses the risk of contaminating cultures kept in the same incubator shaker together with infected cultures. Furthermore the ineYcient selection using the transposon mutant recipient strain S. solfataricus PH1-16 (see paragraph on selectable markers) is not always suYcient to promote the integration of the vector into the chromosome. In these cases no single transformants can be obtained (S. Berkner and G. Lipps, unpublished observations) . Nevertheless the vector can be used for applications that do not necessarily require the integration into the chromosome. For complementation experiments and protein expression this system is well-suited because the primary transformation mixture can be used for transient expression, when the shuttle vector replicates in its episomal form to high copy numbers. Therefore the host range for this vector is not limited to the pyrEF/lacS double mutant S. solfataricus PH1-16 but can also be used with, e.g., S. solfataricus PBL2025 ), the only prerequisite being, that the recipient strain is a host for SSV1.
The shuttle vectors pA to pN based on the plasmid pRN1 have been used in three diVerent laboratories. Using the lacS gene as a model it could be shown that expression of enzymes is possible in S. acidocaldarius and S. solfataricus (Berkner et al. 2007 ). In addition by cloning diVerent promoter sequence upstream of the lacS gene the shuttle vectors could be used to determine the promoter strength in S. acidocaldarius (S. Berkner and G. Lipps, unpublished) . The series of shuttle vectors pA-pN has also been useful to analyze which of the six open reading frames found in the pRN1 plasmid are essential for replication. The experiments suggest that only the replication operon orf56/orf904 is required and indirect evidence indicates that Orf80 might be involved in plasmid partitioning (Berkner et al. 2007 ).
Reporter genes
Important tools for genetic experiments are reporter genes that help in translating the quantitative information on the expression level of a protein into an easily detectable signal. The only reporter gene used so far in Sulfolobus is the lacS gene coding for a -glycosidase that also showsgalactosidase activity. -galactosidase activity can be qualitatively detected using the substrate X-Gal (5-bromo-4-chloro-3-indolyl--D-galactoside) that is converted to a blue colored product and can be detected readily on Gelrite plates. Quantitative determination of -galactosidase activity by measuring the hydrolysis rate of ortho-nitrophenol--D-galactopyranoside can also be performed in Sulfolobus crude extracts (Jonuscheit et al. 2003; Lubelska et al. 2006; Aucelli et al. 2006; Lipps 2007a, Berkner et al. 2007 ).
For S. solfataricus and S. islandicus only mutants with inactivated or deleted lacS genes can serve as recipient strains for lacS expressing constructs because the high level of endogenous -galactosidase activity interferes with the reporter gene activity. S. acidocaldarius however only shows negligible endogenous -galactosidase activity and can be used for reporter gene studies with an intact copy of the wild type lacS gene (Berkner et al. 2007 ).
The use of other reporter genes, e.g., Xuorescent proteins that have proven to be extremely useful for the study of proteins in mesophilic organisms would also be desirable for Sulfolobus. Expression constructs containing a variant of the green Xuorescent protein did not yield Xuorescent signals in Sulfolobus (S. Berkner and G. Lipps, unpublished results).
Promoters and aYnity tags used for protein expression in Sulfolobus
For expression purposes the promoter of the aspartate aminotransferase (aat, Cannio et al. 1998) , the promoter of the -subunit of the thermosome (tf55 , Jonuscheit et al. 2003 ) and the promoter of the arabinose binding protein (araS, Lubelska et al. 2006; Albers et al. 2006 ) from S. solfataricus P2 have been used. The tf55 -promoter has a strong basal activity and is further inducible upon heat shock with high induction levels being reached 90 min after heat shock (Jonuscheit et al. 2003) . The araS-promoter is inducible by addition of 0.2% arabinose to the growth medium. The expression of several proteins has been demonstrated using this promoter with yields of up to 1 mg of protein from 1 l of Sulfolobus culture .
For the straightforward expression and puriWcation of proteins from Sulfolobus, aYnity tags have been proven useful. AYnity tags tested so far are the strep-tag and puriWcation over a streptactin column and a hexa-to decahistidine tag and puriWcation over Ni-NTA columns. For strep-tagged proteins co-puriWcation of biotinylated proteins from Sulfolobus crude extracts did sometimes interfere with puriWcation. C-terminally his-tagged proteins could be readily puriWed from S. solfataricus and S. acidocaldarius crude extracts S. Berkner and G. Lipps, unpublished results) .
Conclusions
In recent years a number of genetic tools have been developed for Sulfolobus that now allow to perform genetic experiments in this interesting model organism. For S. solfataricus a variety of genetic tools is available, knockout systems as well as shuttle vectors. Vectors for S. solfataricus and the genetically more stable S. acidocaldarius have been developed and the ability of this organism for homologous recombination has already been demonstrated.
Despite the recent developments there is still a need for further improvements of genetic systems in Sulfolobus. For example, an inducible promoter with very low basal activity or a repressible promoter would allow for controlled expression of proteins. Furthermore knockout systems for S. acidocaldarius are urgently needed. Fluorescent reporter proteins would be very helpful for studies of protein localization in vivo. The development and improvement of further selection techniques would help to build more sophisticated genetic tools, e.g., two compatible shuttle replicons with diVerent types of selection for simultaneous use in one recipient.
